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Wolbachia strains. Here we analyze bacterial and phage genes from two pairs of natural sympatric field isolates, of Gryllus pennsylvanicus field crickets and of Neochlamisus bebbianae leaf beetles, to demonstrate WO-B transfers between supergroup B Wolbachia. N. bebbianae revealed the highest number of phage haplotypes yet recorded, hinting that lab lines could underestimate phage haplotype variation and lateral transfer. Finally, using the approximate age of insect host species as the maximum available time for phage transfer between host-associated bacteria, we very conservatively estimate phage WO-B transfer to occur at least once every 0-5.4 million years within a host species. Increasing discoveries of mobile elements, intragenic recombination, and bacterial coinfections in host-switching obligate intracellular bacteria specify that mobile element transfer is common in these species.
The restrictive lifestyle of obligate intracellular bacteria and inherited endosymbionts limits exposure to novel gene pools and enhances reductive evolution, often resulting in a low mobile DNA element composition (Moran and Plague 2004; Bordenstein and Reznikoff 2005);  however, genera prone to lateral transmission between hosts tend to establish coinfections and integrate foreign DNA into their genomes (Bordenstein and Reznikoff 2005) . For instance, in the reproductive parasite Wolbachia, up to 21% of its genes represent mobile DNA (Wu et al. 2004; Klasson et al. 2009 ). Similarly, defensive bacterial symbionts of aphids that are transmitted both maternally and horizontally have dynamic genomes exhibiting phage transfer, recombination, and toxin-gene acquisitions (Oliver et al. 2009a ).
In Wolbachia, prophage regions can comprise more than 20% of mobile DNA genes and account for the largest fraction of absent/divergent genes between closely related strains (Ishmael et al. 2009 ). Among these regions, temperate phage WO-B may inhibit Wolbachia's capacity to adaptively modify invertebrate reproduction Gavotte et al. 2007 ). Further, multiple and divergent WO-B haplotypes commonly co-occur in single Wolbachia infections, potentially by recurrent phage transfers (Masui et al. 2000; Bordenstein and Wernegreen 2004; Gavotte et al. 2004; Gavotte et al. 2007 ).
Likewise, active transposition and frequent lateral transmission of the insertion sequence element ISWpi1 is evident in Wolbachia (Cordaux 2008) . The lateral transfer of mobile elements in Wolbachia and other heritable symbionts has major implications for genome evolution, gene acquisition, and the ecological interactions between selfish elements and their bacterial hosts.
However, the ecological contributions to these exchanges in natural populations remain unexplored.
In laboratory lines of Drosophila flies, Nasonia wasps, and Ephestia moths, insect hosts serve as incubators for phage WO-B exchange between Wolbachia coinfections (Masui et al. 2000; Bordenstein and Wernegreen 2004) . For example, the rapidly evolving phage ORF7 gene that encodes the minor capsid protein has nearly complete sequence identity between coinfections of the divergent A and B Wolbachia in these animals. However, outstanding issues remain. It is not known if WO-B movement between Wolbachia infections occurs in nature, how frequent it is, or if it is possible between closely related coinfections.
Here we infer recent lateral transfer events between supergroup B Wolbachia infections in field isolates. Specifically, Gryllus pennsylvanicus field crickets were sampled from an Ithaca, New York population known to include individuals with coinfections of different B Wolbachia (Mandel, Ross, and Harrison 2001) . Neochlamisus bebbianae leaf beetles were collected from Salix bebbiana (Bebb's willow) in Caledonia County, Vermont. Crickets and beetles were screened for single Wolbachia infections using PCR and sequences from four multilocus sequence typing (MLST) genes, ftsZ, gatB, hcpA, and coxA (Baldo et al. 2006 ).
Comparative sequence analyses of MLST genes ftsZ, gatB, and hcpA from G.
pennsylvanicus strains wG1 and wG2 showed 3.26% divergence (Fig. 1) . coxA was excluded from further consideration because we could not determine if its unusual sequence evolution reflected gene transfer to the host genome or recombination at the coxA locus. Cloned and sequenced PCR products of the ORF7 minor capsid gene from wG1 and wG2 revealed six and three distinct phage WO-B haplotypes based on a cut off criteria of 1.5% divergence (Fig. 2) .
Variability in phage haplotype number and diversity is typical of Wolbachia (Bordenstein and Wernegreen 2004; Gavotte et al. 2007 ) and suggests that gene duplications and separate invasions of different phage haplotypes shape the evolution of phage WO-B in Wolbachia genomes. Notably, one of the cloned ORF7 haplotypes is shared between wG1 and wG2, differing by 1/358 base pairs (0.28%) (Fig. 2) . The evolutionarily recent transfer of a given phage haplotype receives support if phage genetic divergence is lower than that of its two bacterial hosts despite the more rapid rate of phage nucleotide evolution (Table 1) . Indeed, a
Fisher's exact test shows ORF7 divergence (1/358) to be significantly lower than that "expected" from the 3.26% divergence of its Wolbachia host genes (12/358) (P = 0.001, one-tailed test).
The two N. bebbianae leaf beetle infections wNbeb1 and wNeb2, show 1.0% sequence divergence in combined MLST gene sequences. Fig. 2 reveals seven and four ORF7 haplotypes within wNbeb1 and wNbeb2, respectively, with the former value representing the most haplotypes reported for any single Wolbachia infection (Gavotte et al. 2007 ). Three of the cloned ORF7 haplotypes are shared between wNbeb1 and wNbeb2, suggesting these sequences have experienced recent lateral transfer. The Fisher's exact test yields a marginally nonsignificant difference between the observed (0/358) and "expected" (4/358) divergence (P = 0.062), likely due to the lower 1% divergence in Wolbachia genes than in the crickets. Given the two-fold higher sequence diversity in our phage gene compared to the Wolbachia ones (Table 1) and the complete identity of the three shared haplotypes, this p-value represents a conservative estimate of the likelihood that these three phage haplotypes transferred.
Support for lateral phage transfer between these closely related Wolbachia can also be bolstered if the two infections arose by independent acquisitions, rather than by descent and duplication from a common ancestor within N. bebbianae. Estimating absolute divergence times is problematic in the absence of fossil data, but molecular clocks can provide rough estimates.
Synonymous divergence between wNbeb1 and wNbeb2 (3.56%) suggests their infections are 3.96 million years old based on a rate derived for diverse bacteria (Ochman, Elwyn, and Moran 1999) . Meanwhile, N. bebbianae is 0.48 million years old based on mtDNA divergence (Brower 1994; Funk 1999) . These estimates support independent acquisitions of these two Wolbachia strains and lateral transfer of three phage haplotypes within the last 480,000 years (Table 2 ).
Using insect isolates with different Wolbachia infections, these experiments support coinfection in the same insect host as a mechanism for lateral phage transfer in natural populations of obligate intracellular bacteria. Phage transfer has been documented in all five instances where it has been investigated, with three cases occurring between A and B Wolbachia coinfections in lab stocks of Hymenoptera, Diptera, and Lepidoptera, and two cases (this study) occurring between different B Wolbachia lineages in natural populations of Orthoptera and Coleoptera (Table 2 ). Using estimates of insect host age as the maximal age of phage transfer between independently acquired host-associated Wolbachia, all documented WO-B transfers have occurred within the last 5.4 Myr. In our study, the actual time since lateral phage transfer is expected to be considerably shorter than the maximum age estimate because the phage ORF7 genes exhibit complete or near complete nucleotide identity. N. bebbianae shows the most recent transfers, with each of three haplotypes transferring within 480Kyr (Table 2) . Our field samples identified more phage haplotypes for G. pennsylvanicus wG1 (6) and N. bebbianae wNbeb1 (7) than any previous reported study. Perhaps such field samples provide improved snapshots of the extent of lateral transfer in heritable symbionts, as laboratory lines may be subject to relaxed selection and phage loss over time (Oliver et al. 2009b) . In this event, our data indicate that bacteriophage WO-B is more abundant and capable of lateral transfer than previously thought.
Phages may thus play underappreciated roles as conduits for lateral transfer between coinfecting bacterial strains of arthropod hosts.
Methods.
Bacteriophage and Wolbachia DNA were amplified using PCR. The phage ORF7 capsid locus (Masui et al. 2000) was amplified along with 16S rRNA, wsp and the multilocus sequence typing (MLST) genes, ftsZ, gatB, coxA and hcpA (Baldo et al. 2006) . Bidirectional sequencing was performed directly from PCR products or from products cloned into plasmid vectors using the GC Cloning Kit (Lucigen). Sequences were assembled, manually edited, and aligned using MUSCLE in Geneious v. 4.6.5 (Drummond et al. 2009 ) and MacClade version 4.08 (Maddison and Maddison 2005) . Cloned sequences showing > 1.5% nucleotide divergence from each other were selected for analysis. K2p (Kimura 1980 ) genetic distances were calculated using PHYLIP (Felsenstein 1993) , and average nucleotide diversities and synonymous divergences were determined with DnaSP (Rozas et al. 2003) .
Maximum-likelihood (ML) and Bayesian methods were carried out using PAUP 4.0b10 and the Bayes plugin in Geneious (Huelsenbeck and Ronquist 2001) . Model selection for the ML analysis was estimated using the Akaike information criterion in Modeltest v3.7. The DNA substitution model selected for the concatenated MLST loci was the GTR model in which the gamma distribution + invariant sites were estimated from the data (GTR+I+G). Maximum likelihood bootstrap values were generated from 100 bootstrap replicates, each using 10 random taxon addition replications. Data sets were also analyzed with Bayesian phylogenetic methods using GTR+I+G. Four chains were run for 1.1 million generations. Trees were sampled every (I-III) were assigned according to the nomenclature in Bordenstein and Wernegreen (2004) .
